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Abstract 

In this study, we present a novel technique for the synthesis of complex proloryotic and eul<aryotic proteins by using a 
continuous-exchange cell-free (CECF) protein synthesis system based on extracts from cultured insect cells. Our approach 
consists of two basic elements: First, protein synthesis is performed in insect cell lysates which harbor endogenous 
microsomal vesicles, enabling a translocation of de novo synthesized target proteins Into the lumen of the insect vesicles or, 
in the case of membrane proteins, their embedding into a natural membrane scaffold. Second, cell-free reactions are 
performed in a two chamber dialysis device for 48 h. The combination of the eukaryotic cell-free translation system based 
on insect cell extracts and the CECF translation system results in significantly prolonged reaction life times and increased 
protein yields compared to conventional batch reactions. In this context, we demonstrate the synthesis of various 
representative model proteins, among them cytosolic proteins, pharmacological relevant membrane proteins and 
glycosylated proteins in an endotoxin-free environment. Furthermore, the cell-free system used in this study is well-suited 
for the synthesis of biologically active tissue-type-plasminogen activator, a complex eukaryotic protein harboring multiple 
disulfide bonds. 
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Introduction 

Over the last decade, cell-free methods have proven themselves 
as a valuable platform allowing the synthesis of many different 
protein classes including membrane proteins [1,2,3,4,5,6,7], 
proteins with posttranslational modifications [8,9,10,11,12,13,14] 
and even toxic proteins [15,16,17]. Many problematic issues 
connected with a cell-based expression of proteins, such as protein 
insolubility and toxicity, can be circumvented by the use of tailor- 
made cell-free expression systems. 

In addition to prokaryotic systems, eukaryotic cell-free systems 
have proven to accelerate the production of functional proteins 
[18,19]. Wheat germ extracts, for example, are highly productive 
and reach protein yields comparable to Escherichia coli (E. coli) - 
based systems [20,21]. But stiU, expression in E. coli and wheat 
germ systems has their limitations when it comes to the synthesis of 
complex proteins and proteins which require co-translational and 
posttranslational modifications [9,22]. Covalent posttranslational 
modifications such as glycosylation and disulfide bond formation 
are very common among eukaryotic proteins and it is well-known 
that they have a great impact on protein folding, localization and 
activity [23]. One of the main demands and also challenges of cell- 
free systems is to produce functional proteins. Thus, it is of highest 
interest to develop cell-free translation systems that ensure the 
formation of posttranslational modifications while providing a 
sufficient amount of protein for further functional and structural 
analysis. 



The cell-free system used in this study is based on translationally 
active lysates from cultured Spodopkra frugiperda {SflV) cells 
[13,24,25]. Due to a very gentle lysate preparation procedure, 
structures from the endoplasmic reticulum (ER) can be maintained 
in the lysate as vital membranous vesicles. These vesicles are 
translocationally active and provide a suitable scaffold for 
membrane protein embedding into a natural lipid bHayer 
[26,27]. Furthermore, due to their presence in the lysate, different 
types of posttranslational modifications can be performed on 
proteins, such as glycosylation, signal peptide cleavage [13], 
lipidation [14], phosphorylation [28] and disulfide bond formation 
[29,30,31]. 

Until today, cell-free reactions using the vesicle-containing 
insect expression system have been performed in batch format. On 
the one hand, batch-based reactions are easy-to-handle and enable 
a fast and reliable synthesis of a given target protein. On the other 
hand, the rapid depletion of energy resourses and the accumula- 
tion of inhibitory by-products such as free phosphates usually lead 
to a short life time of the system resulting in limited protein yields 
[32]. The introduction of the continuous-flow cell-free (CFCF) 
system [33,34] and later, the continuous-exchange cell-free 
(CECF) system [35] helped to overcome these problems. Both 
expression formats exhibit an extended reaction life time, but due 
to the operational complexity of the CFCF system, CECF systems 
were more favorably applied [36] . The basis of the latter system is 
a passive exchange of energy resources and by-products through a 
semi-permeable dialysis membrane that separates the reaction 
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compartment, the place of protein synthesis, from the feeding 
compartment, leading to prolonged reaction life times and 
significandy increased protein yields [35,37]. In this publication, 
we introduce the combination of our coupled cell-free translation 
system based on insect lysates and a commercially available CECF 
device. We demonstrate that representative model proteins, 
including membrane proteins, proteins with posttranslational 
modifications and cytosohc proteins, can be produced in the 
novel eukaryotic CECF system with significantly increased protein 
yields compared to batch-based reactions. Moreover, using the 
insect CECF system, we were able to produce biologically active 
human tissue-type-plasminogen activator, a complex eukaryotic 
protein harboring multiple intramolecularly formed disulfide 
bonds. 

Materials and Methods 

Template generation 

The following proteins (Table SI) were selected as model 
proteins to evaluate the performance of the insect CECF system: 
(1) cYFP (29 kDa), a soluble fluorescent protein harboring a Strep- 
tagll sequence at the N-terminus, (2) proheparin-binding EGF-like 
growth factor, a type-I transmembrane protein fused to a melittin 
signal peptide (Mel) at the N-Terminus and eYFP at the C- 
Terminus (Mel-Hb-EGF-eYFP, 51 kDa); (3) bacteriorhodopsin 
(27 kDa), a prokaryotic transmembrane protein featuring seven 
membrane spanning helices, (4) human erythropoietin (EPO, 
21 kDa, protein in its non-glycosylated form), a glycoprotein that 
bears three N-glycosylation sites and one O-glycosylation site, (5) 
endothelin-B receptor (49 kDa), a human G-protein coupled 
receptor and (6) a recombinant variant of tissue-type-plasminogen 
activator (vtPA, 41 kDa). vtPA is a truncated variant of fuU length 
tPA which consists of only two domains, the kringle-2 domain and 
the catalytic domain but lacks the N-terminal finger domain, the 
epidermal growth factor-like domain and the kringle-1 domain 
[38,39,40]. vtPA contains nine disulfide bonds and two potential 
sites for the addition of N-linked oligosaccharides. Genes of EPO 
and VtPA were fused to a melittin signal sequence (Mel-EPO, Mel- 
vtPA) in order to favor an elficient translocation of cell-free 
synthesized proteins into the endoplasmic reticulum-derived 
vesicles of the insect lysate. Batch and CECF reactions were 
performed using plasmids as DNA templates. Plasmids were 
generated from PCR-amplified genes which were cloned into 
appropriate expression vectors (pIX3.0, Qiagen; pIX2.0, RiNA 
GmbH). Constructs used for cell-free protein synthesis contained a 
T7 promoter sequence upstream of the gene's open reading frame 
and a T7 terminator scquc'nce downstream of the deduced stop 
codon. The following constructs were used in this study: pIX3.0- 
eVFP, pIX3.0-Mel-Hb-EGF-eYFP, pMA-bacteriorhodopsin 
(GeneArt Gene Synthesis, Life technologies), pIX2.0-Mel-EPO, 
pTX3.0-endothelin-B receptor, pIX3.0-vtPA and pTXS.O-Mel- 
vtPA. 

Cell-free protein synthesis 

Prokaryotic cell-free protein synthesis. Cell-free expres- 
sion in E. coli cell lysates was performed using the EasyXpress 
Protein synthesis Kit (Qiagen) following the manufacturer's 
instructions. For qualitative and quantitative analysis of de mm 
synthesized proteins, reactions were supplemented with 'Re- 
labeled leucine (25 \xM) (PerkinElmer) yielding a specific radioac- 
tivity of 2 dpm/pmol. 

Eukaryotic cell-free protein synthesis. Insect lysate prep- 
aration procedure. Translationally active lysates from cultured 
Sfll cells were generated as described previously [13]. The 



depicted procedure was modified by using a homogenization 
bulfer without the reducing agent DTT, but supplemented with 
GSH and GSSG (0.5 mM each). Insect lysate without vesicles was 
prepared in the following way: Aggregates of endoplasmic 
reticulum-derived insect vesicles were separated from the cytosolic 
fraction of the lysate by centrifugation at 16,000 xg for 10 min at 
4°C. After centrifugation, the lysate supernatant was separated 
immediately from the vesicular fraction. Insect lysate without 
vesicles was used directiy or frozen in liquid nitrogen and stored at 
-80°C. 

Coupled transcription-translation procedure using insect 
lysate. Coupled transcription-translation reactions were per- 
formed using 40% insect lysate supplemented with HEPES-KOH 
(final concentration, f c. 30 mM, pH 7.6; Merck), Mg(OAc)2 (Tc. 
2.5 mM; Merck), KOAc (f c. 75 mM; Merck), amino acids 
(complete 100 |iM fc; Merck), spermidine (fc. 0.25 mM; Roche) 
and energy regenerating components (f c. 1.75 mM ATP, 0.3 mM 
GTP; Roche). In order to allow transcription of mRNA CTP (f.c. 
0.3 mM; Roche), UTP (fc. 0.3 mM; Roche), T7 RNA polymerase 
(fc. 1 U/nl; Agilent) and the cap analogue G(ppp)G (f c. 
0.33 mM; Prof Edward Darzynkiewicz, Warsaw Uni\'ersity) were 
added to the protein synthesis reaction. Initial tests using different 
cap analogues, among them being m G(ppp)G and G(ppp)G, 
demonstrated that both, methylated and unmethylated cap 
analogues can be successfully applied in the coupled transcrip- 
tion-translation reaction. Since the unmethylted cap analogue 
G(ppp)G is cheaper compared to the methylated one, G(ppp)G 
was used for further studies. To monitor protein quality and 
quantity, translation mixtures were supplied with C-labclcd 
leucine (f c. 1 1-35 ^M, depending on the individual experiment) 
(PerkinElmer) yielding a specific radioactivity of 10-45 dpm/ 
pmol. Translation was initiated by the addition of plasmid in a 
final concentration of 60 ng/ ml. Batch reactions were performed 
in a 50 \i\ reaction volume in a thermomixer (Thermomrxer 
comfort, Eppendori) at 27°C for up to 48 h with gentle agitation at 
600 rpm. 

For CECF reactions a commercially available two-chamber 
dialysis device (5 PRIME) was used that consists of a 50 jtl reaction 
and a 1000 |a,l feeding chamber which are separated by a semi- 
permeable dialysis membrane (cut-ofF 10 kDa). Two mixes, the 
reaction and the feeding mixture, were prepared separately from 
each other and filled one after another into the device. The 
reaction mixture (total volume 50 ^1) was prepared similarly as a 
standard batch-based reaction (see above). The feeding mixture 
(total volume 1000 |xl) was composed of HEPES-KOH (fc. 
30 mM, pH 7.6; Merck), Mg(OAc)2 (f c. 2.5 mM; Merck), KOAc 
(f c. 75 mM; Merck), amino acids (complete 100 nM f c; Merck), 
spermidine (f c. 0.25 mM; Roche), energy regenerating compo- 
nents (fc. 1.75 mM ATP, 0.3 mM GTP; Roche), CTP (fc. 
0.3 mM; Roche), UTP (f c. 0.3 mM; Roche), the cap analogue 
G(ppp)G (fc. 0.33 mM; Prof Edward Darzynkiewicz, Warsaw 
University) and '^C-labelcd leucine (1 1-35 (iM, depending on the 
individual experiment) (PerkinElmer), filling up the volume with 
water to reach a final volume of 1000 ^ll. The addition of the 
caspase inhibitor Z-VAD-FMK (benzyloxycarbonyl-Val-Ala-As- 
p(OMe)-fluoromethylketone) (30 |a,M; Promega) was optional in 
batch and CECF reactions. Z-VAD-FMK is reported to be a 
general caspase inhibitor inhibiting the 1 4 members of the caspase 
family known today [41]. In order to inhibit bacterial growth 
during prolonged incubation times, sodium azide was added to the 
translation reaction and the feeding mixture at a final concentra- 
tion of 0.02°/(). In order to evaluate optimal conditions for disulfide 
bond formation in vitro, the translation buffer was supplemented 
with 0.5 mM GSH and 2.5 mM GSSG or 2.5 mM DTT. After 
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fining the chambers with reaction and feeding mixture, they were 
sealed with a plastic foil. Dialysis reactions were incubated at 27°C 
in a thermomixer (Thermomixer comfort, Eppendorf) for up to 
48 h with gentle agitation at 600 rpm. The thermomixer itself was 
placed in an incubator heated to 28°C in order to avoid 
condensation of water. Background translational activity in insect 
lysates was monitored by incubating a translation mixture without 
the addition of a DNA template ( = no template control, NTC). In 
order to separate insect vesicles from the translation mixture a 
centrifugation step (16,000xg, 10 min, 4°C) was performed at the 
end of incubation. After separating the supernatant from pelleted 
insect vesicles, the vesicular fraction was resuspended in 
phosphate-buffered Scdine (PBS). 

Quantification of cell-free expressed and ^"'C-leucine 
labeled proteins 

At the indicated incubation time aliquots of 5 (tl were 
withdrawn from the cell-free translation reaction, mixed with 
3 ml trichloroacetic acid and incubated in a 80°C water bath for 
15 min, followed by incubation on ice for 30 min. In order to 
remove non-incorporated C-leucine from the translation mix- 
ture, protein solutions were filtered using a vacuum filtration 
system (Hoefer). Incorporation of '*C-leucine in cell-free expressed 
proteins was measured by liquid scintillation counting using the 
LS6500 Multi-Purpose scintillation counter (Beckman Coulter). 

SDS-PAGE and autoradiography 

SDS-PAGE was performed using precast gels (NuPAGE, 10% 
Bis-Tris, Life technologies). Aliquots of the translation mixture, the 
supernatant and the \ esi(:ular fraction (.5 ^tl) were precipitated in 
cold acetone and left on ice for at l(;ast 15 min. Samples were 
centrifuged at 16,000 xg and protein pellets were dried for 1 h at 
45°C. Dried protein pellets were resuspended in 20 |a,l of 1 x 
sample buffer (NuPAGE LDS Sample Buffer supplemented with 
50 mM DTT, Life technologies) and incubated for 15 min at 
room temperature on an orbital shaker. Samples were loaded onto 
precast SDS-PAGE gels and run at 200 V for 35 min. For quality 
control gels were stained with Coomassie Blue (SimplyBlue 
SafeStain, Life technologies). Stained gels were subsequently dried 
on Whatman paper for 60 min at 70°C (Unigeldryer 3545D, 
Uniequip). Radioactively labeled proteins were visualized using a 
phosphorimager system (Typhoon TRIO + Imager, GE Health- 
care). Deglycosylation of Mel-EPO and Mel-vtPA was performed 
using peptide-N-glycosidase F (PNGase F) (NEB). Afiquots of the 
translation mixture (5 |il) were treated with PNGase F according 
to the manufacturer's instructions and samples were analyzed by 
SDS-PAGE and autoradiography. 

Analysis of fluorescent fusion proteins 

Cell-free synthesized fluorescent fusion proteins (eYFP, Mel-Hb- 
EGF-eYFP) were analyzed quantitatively in a phosphorimager 
system (Excitation 488 nm, emission filter 526 nm short-pass; 
Typhoon TRIO + Imager, GE Healthcare) and qualitatively by 
confocal laser scanning microscopy using a LSM 510 Meta (Zeiss). 
Complete translation mixtures, the supernatant and vesicular 
fractions were diluted 1:3 (rjualitative analysis) or 1:6 (quantitative 
analysis) in PBS and transferred to Ibidi slides (|a,-Slide, 18 well, 
Ibidi). For confocal microscopy samples were excited at 488 nm 
using an argon laser and emission signals were recorded using a 
bandpass filter in the wave length range of 505 nm to 550 nm. 
Prior to photobleaching, samples of Mel-Hb-EGF-eYFP were 
diluted 1:4 in the supernatant of the corresponding reaction 
mixture in order to maintain the same concentration of non- 



translocated Mel-Hb-EGF-eYFP and endogenous lysate proteins 
and to dilute the amount of insect vesicles. Translation mixtures of 
cell-free synthesized eYFP were treated likewise. Photobleaching 
was performed using an argon laser at 488 nm with 100% laser 
intensity and 500 iterations. 

Preparation of fibrin-agarose-plates 

In order to analyze the biological activity of cell-free produced 
Mel-vtPA, fibrin-agarose-plates were prepared according to 
Granelli-Piperno and Reich [42] with minor modifications. First, 
three solutions a, b, c were prepared separately from each other. 
Solution a: 2.5% low-melting agarose (AppliChem) was boiled for 
2 min and tempered at 42°C. Solution b: Thrombin (Merck) and 
Plasminogen (Merck) were diluted in preheated PBS (37°C) to final 
concentrations of 18 |ig/ml and 0.2 U/ml, respectively. Solution 
c: Fibrinogen (Merck) was diluted in preheated PBS (37°C) to yield 
a final concentration of 10 mg/ml. Solution a (3.2 ml) was mixed 
with 1 .9 ml of solution b, followed by addition of 1 .3 ml solution c. 
The resulting mixture was poured evenly into a petri dish (Kuhnle, 
size 12x12 cm). Cleavage of fibrinogen to fibrin by thrombin 
subsequently leads to the formation of the fibrin network. Plates 
were stored at 4°C until usage. 

Analysis of Mel-vtPA activity 

Tissue-type plasminogen activators are important thrombolytic 
agents. They belong to the class of serine proteases and convert the 
inactive proenzyme plasminogen to active plasmin. Plasmin itself 
solubUizes polymerized fibrin networks into soluble products 
leading to the degradation of blood clots [40]. To analyze the 
biological activity of cell-free produced Mel-vtPA, aliquots of the 
translation mixture were treated with the mild detergent n- 
dodecyl-[3-maltoside (DDM) (final concentration of DDM = 0. 1 %.) 
in order to release translocated target proteins from the lumen of 
the insect vesicles. Then, samples were agitated for 45 min at 
room temperature. Protein yields of radioactively labeled Mel- 
vtPA were determined as described above. Samples were diluted 
to a final concentration of 0.5 ng/ml Mel-vtPA. Aliquots of 1 |al 
were pipetted onto the fibrin-agarose-plate and incubated at 37°C 
for 24 h. Depending on the activity of cell-free produced tPA 
initial lytic zones became visible after an incubation time of 2 h to 
4 h. Lytic zones were measured and evaluated after 24 h of 
incubation. 

Results 

Expression of eYFP in the insect CECF system 

In this study, a small-scale dialysis device was used, consisting of 
50 (il reaction chamber and a 1000 nl feeding chamber, separated 
by semi-permeable dialysis membrane. Protein synthesis takes 
place in the reaction mixture, being supported by the continuous 
supply of substrate and energy components and the continuous 
removal of inhibitory reaction by-products, both diffusing through 
the membrane. In order to investigate if the vesicle-containing 
eukaryotic cell lysate could be applied in this dialysis system, we 
first evaluated the expression of the fluorescent and soluble protein 
eYFP. Cell-free expression of eYFP in insect lysate was performed 
using the batch and CECF mode over a total incubation time of 
24 h. Translation efficiency was evaluated by the measurement of 
protein fluorescence intensity in translation reactions. These initial 
experiments resulted in a twofold increase in fluorescence intensity 
of eYFP synthesized in the insect CECF mode compared to the 
batch mode after 24 h of incubation (data not shown). Due to 
these positive results we further improved the system's synthesis 
efficiency. In batch reactions we have seen that prolonged 



PLOS ONE I www.plosone.org 



3 



May 2014 I Volume 9 | Issue 5 | e96635 



Insect CECF Protein Synthesis System 




Figure 1. Time course for the cell-free expression of eYFP. Reactions were carried out using an in vitro translation system based on insect 
lysates in batch and CECF mode in the presence (+) and absence (-) of insect vesicles (V) and caspase inhibitor (CI). A) Fluorescence imaging of eYFP 
using a phosphorimager system. B) Relative fluorescence intensity of eYFP in batch reactions. C) Relative fluorescence intensity of eYFP in CECF 
reactions. The percentage calculation of the fluorescence intensity is depicted by the fluorescence intensity of eYFP measured after 2 h of incubation 
set as 100% (batch, + V, - CI). For each data point fluorescence intensity of eYFP is presented as mean value of duplicate analysis, with the error bar 
indicating value 1 and value 2 of the duplicate. NTC = No template control; translation reaction without addition of a DNA template. 
doi:10.1371/journal.pone.0096635.g001 



incubation times may lead to tlie proteolytic degradation of de novo 
synthesized target proteins, such as the human epidermal growth 
factor receptor. The proteolytic degradation of target proteins in 
cell-free systems can be efiiciendy inhibited by the addition of 
protease inhibitors, as has been shown before for the synthesis of 
Fab fragments in an E. co/f-based cell-free expression system [43] . 
Likewise it was reported that the addition of the caspase inhibitor 
YVAD-CMK (N-acetyl-Tyr-Val-Ala-Asp-chloromethylketone) to 
cell extracts derived from chicken DU249 cells blocked apoptotic 
events such as DNA fragmentation and proteolysis [44]. Another 
caspase inhibitor, Z-VAD-FMK, was reported to inhibit apoptosis 
efficiently in SJ9 cells, SJ2 1 cells and Drosophila melanogaster S2 cells 
[45,46]. The cell-free extract applied in this study is prepared from 
Sf2. 1 insect cells, thus we decided to evaluate chflFerent protease and 
caspase inhibitors, in order to inhibit the proteolytic degradation 
of target proteins. In this context, we found that the addition of the 
general caspase inhibitor Z-VAD-FMK showed a positive effect on 
the preservation and stability of selected target proteins in the 
translation mixture after prolonged incubation times (Figure SI). 
Interestingly, this protection was not achieved when a commer- 
cially available broad-spectrum protease inhibitor cocktail was 
added to the translation mixture, indicating the specific influence 
of caspases. Thus, we tested the caspase inhibitor likewise in the 
insect CECF system. Both batch and CECF reactions were 
performed in the presence and absence of the caspase inhibitor. 
Furthermore, eYFP was expressed in insect lysate containing 



endoplasmic reticulum-derived vesicles as well as in lysate which 
was depleted of endogenous vesicles prior to its use in the cell-free 
reaction. Batch and CECF reactions were compared regarding 
their fluorescence intensity of de novo synthesized eYFP. Addition- 
ally, total protein yields were determined by hot TCA precipita- 
tion and subsequent scintillation counting. Both parameters were 
normalized to the values obtained for eYFP synthesized in a 2 h- 
standard batch reaction (= 100%) in presence of insect vesicles (+ 
V) and in absence of caspase inhibitor (- CI). As expected, batch 
reactions of eYFP reached the plateau phase after 2 h (protein 
quantification) to 4 h (fluorescence analysis) of incubation. In 
batch reactions, the presence or absence of caspase inhibitor and 
insect vesicles did not show any significant influence on the 
fluorescence intensity and on the total protein yield of eYFP 
(Figure 1, Figure S2). In contrast, the addition of caspase inhibitor 
to CECF reactions significantiy prolonged the reaction life time 
from 2 h to 48 h. Maximum fluorescence intensity of eYFP was 
detected in the CECF reaction after 48 h of incubation in presence 
of insect vesicles and caspase inhibitor. Analysis of this CECF 
reaction revealed a more than fivefold increase in fluorescence 
intensity and more than fourfold increase in total protein yields 
compared to standard batch reactions (Figure 1, Figure S2). 
Moreover, we were able to show that the vesicle-containing insect 
lysate is absolutely compatible with the applied dialysis membrane 
and device, since no negative influence on the synthesis efficiency, 
e.g. caused by clogging of the dialysis membrane, was observed. 
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Figure 2. Time course of ^"C-leucine labeled eYFP synthesized in batch and CECF mode. Cell-free reactions using insect lysate were 
carried out in the presence (+) and absence (— ) of insect vesicles (V) and caspase inhibitor (CI). Translation mixtures were analyzed by SDS-PAGE and 
autoradiography. Cell-free synthesized eYFP shows a migration pattern corresponding to its expected molecular mass (calculated molecular mass 
= 29 kDa). 

doi:1 0.1 371 /journal.pone.0096635.g002 



Analysis of cell-free synthesized eYFP by SDS-PAGE and 
autoradiography confirmed size and integrity of the target protein 
in all reactions (Figure 2). The most prominent protein bands of 
eYFP were observed in CECF reactions supplemented with 
caspase inhibitor, confirming the results obtained by fluorescence 
analysis and protein quantification. Fractionation of aU samples 
into supernatant and vesicular fractions revealed that cell-free 
synthesized eYFP was soluble and could be transferred and 
detected in the supernatant (Figure S3). 

Influence of caspase inhibitor on the expression of 
different model proteins using the insect CECF system 

To evaluate the performance of the insect cell-free expression 
system, we have chosen a set of representative model proteins, 
among them the cytosolic protein eYFP, the transmembrane 
proteins Mel-Hb-EGF-eYFP, endothelin-B receptor and bacterio- 
rhodopsin. Furthermore, test candidates were complemented by 
the human glycoproteins Mel-EPO and Mel-vtPA. Model proteins 
were expressed in the coupled insect cell-free batch system as well 
as in an E. co/z-based batch cell-free translation system (EasyXpress 
Protein Synthesis Kit, Qiagen). All chosen model proteins were 
expressed in the insect cell-free expression system, whereas in E. 



coli three out of seven proteins failed to be expressed at detectable 
levels (Figure S4). In the case of prokaryotic bacteriorhodopsin this 
observation was explained by the fact that the DNA template of 
bacteriorhodopsin was codon-optimized for expression in SJ21 
cells (GeneArt Gene Synthesis, Life technologies). Next, we 
examined the expression of the chosen model proteins using the 
insect CECF system. Cell-free protein synthesis was performed for 
48 h in presence and absence of caspase inhibitor. For all tested 
target proteins lowest protein yields were achieved using the insect 
batch system with and without caspase inhibitor (Figure 3 a). In 
comparison to batch-based reactions, an approximate twofold 
increase in protein yield was achieved by applying the insect 
CECF system without caspase inhibitor. The highest protein yields 
were observed using the insect CECF system supplemented with 
caspase inhibitor. The comparison of standard batch reactions 
with CECF reactions supplemented with caspase inhibitor 
demonstrated an average increase in protein yield of more than 
four- to fivefold depending on the individual protein. Protein 
quantification data was supported by the qualitative analysis of 
translation mixtures by fluorescence imaging (Figure 3 b) and 
autoradiogxaphy (Figure 3 c). The strongest protein bands were 
observed at the expected size in CECF reactions performed in 
presence of caspase inhibitor. In the case of Mel-EPO four distinct 
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Figure 3. Influence of caspase inhibitor (CI) on the expression yield of representative model proteins. The membrane proteins Mel-Hb- 
EGF-eYFP (51 kDa), bacteriorhodopsin (27 kDa) and endothelin-B receptor (49 kDa), the glycoproteins Mel-EPO (21 kDa, protein in its non- 
glycosylated form) and Mel-vtPA (41 kDa, protein in its non-glycosylated form) as well as the protein eYFP (29 kDa) were synthesized in batch (B) and 
CECF (C) reactions in the presence (+) and absence (— ) of CI using insect lysate. Reactions were carried out for 48 h in the absence of the reducing 
agent DTT and in presence of ^''C-leucine. A) Diagram showing total protein yields which were determined by incorporation of '''C-leucine and liquid 
scintillation counting. Standard deviations were calculated from triplicate analysis (n = 3). B) Fluorescence imaging of eYFP and Mel-Hb-EGF-eYFP 
using a phosphorimager system. NTC = No template control; translation reaction without addition of a DNA template. C) Qualitative analysis of cell- 
free synthesized proteins by SDS-PAGE and autoradiography. Addition of CI significantly increased the protein yield of all target proteins analyzed in 
this study. 

doi:10.1371/journal.pone.0096635.g003 



protein bands were observed. Digestion of Mel-EPO with PNGase 
F resulted in one single protein band showing a migration pattern 
which matches the expected molecular mass of non-glycosylated 
Mel-EPO. With respect to this observation it can be assumed that 
the lowest protein band corresponds to the protein in its non- 
glycosylated form, whereas the upper three protein bands 
correspond to glycosylated species of Mel-EPO (deglycosylation 
assay of Mel-EPO see Figure S5). 

Time course of Mel-Hb-EGF-eYFP in batch and CECF 
reactions 

The results presented demonstrate that total yields of cell-free 
synthesized membrane proteins can be significantly increased by 
using the eukaryotic CECF system instead of the conventional 
batch-based system. In order to analyze the accumulation of 
membrane proteins in the vesicular fraction of the cell lysate, a 
time course expression of Mel-Hb-EGF-eYFP was performed. 

The protein was synthesized in batch and CECF mode over a 
time range of 48 h in the presence of caspase inhibitor. After 
defined incubation times (0 h, 2 h, 4 h, 24 h, 48 h) translation was 



stopped by lowering the temperature to 4°C and samples were 
fractionated into the supernatant and the vesicular fraction. Batch 
reactions reached their maximum yield of Mel-Hb-EGF-eYFP 
after 2 h of incubation with a total yield of de novo synthesized 
membrane protein of 20 jJ-g/ml in the translation mixture and 
9 |Xg/ml in the vesicular fraction (Figure 4 a). CECF reactions 
reached their plateau phase after 24 h of incubation yielding 
57 |xg/ml target protein in the translation mixture (almost 
threefold increase when compared to batch-based reactions) and 
32 |J.g/ml in the vesicular fraction (almost fourfold increase when 
compared to batch-based reactions) (Figure 4 b). These quantita- 
tive measurements were supported by data obtained from 
autoradiography. In batch reactions a minor decrease in protein 
yield was observed from 4 h until 48 h of incubation (Figure 4 c). 
In contrast, protein bands of CECF reactions gained intensity over 
time which accounted for the complete translation mixture as well 
as for the vesicular fraction (Figure 4 d). 

Protein quantification by TCA precipitation and hquid scintil- 
lation counting does not allow the discrimination between 
insoluble aggregates of membrane proteins and correctly folded 
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Figure 4. Time course analysis of tKie cell-free synthesized type-l transmembrane protein Mel-Hb-EGF-eYFP. Batch and CECF reactions 
were carried out in the presence of caspase inhibitor and ^''C-leucine and in the absence of DTT. Protein yields in batch (A) and CECF reactions (B) 
were determined in the translation mixture and the vesicular fraction by liquid scintillation counting. Standard deviations were calculated from 
triplicate analysis (n = 3). C) Qualitative analysis of Mel-Hb-EGF-eYFP in the translation mixture by SDS-PAGE and autoradiography. D) Analysis of Mel- 
Hb-EGF-eYFP in the vesicular fraction. Cell-free synthesized Mel-Hb-EGF-eYFP shows a migration pattern corresponding to its expected molecular 
mass (calculated molecular mass =51 kDa). NTC = No template control; translation reaction without addition of a DNA template. 
doi:10.1371/journal.pone.0096635.g004 



membrane proteins, which are inserted into the hpid bilayer of the 
insect vesicles. In both cases, proteins are pelleted during the 
centrifijgation step. In the case of an efficient embedding of Mel- 
Hb-EGF-eYFP in insect vesicles, fluorescent proteins should be 
detectable in the vesicular membrane using confocal microscopy. 
Cell-free expression of Mel-Hb-EGF-eYFP was performed for 2 h 
in batch and 24 h in CECF mode in the presence of caspase 
inhibitor. Confocal images show the strongest fluorescence 
intensity for Mel-Hb-EGF-eYFP synthesized in the CECF reaction 
(Figure 5 a), demonstrating the potential of the eukaryotic CECF 
system to enrich a certain membrane protein in vesicles with 
higher protein yields compared to the conventional batch system. 
In order to analyze the localization of Mel-Hb-EGF-eYFP in the 
insect lysate, translation mixtures were fractionated into the 
supernatant and the vesicular fraction. As expected, the mem- 
brane protein showed strong fluorescence emission in the 
translation mixture and the vesicular fraction but not in the 
supernatant (Figure 5 b). 

Fluorescence recovery after photobleaching (FRAP) experi- 
ments were performed in order to investigate the embedding of de 
novo synthesized membrane proteins into the vesicular membrane 
of insect microsomes. Samples of Mel-Hb-EGF-eYFP and eYFP 
were analyzed before and after extensive photobleaching. The 
endogenous vesicles of the insect lysate display a size ranging from 
approximately 1 to 5 |j.m. Confocal images were taken from vesicle 



aggregates which were surrounded by the cytosolic fraction of the 
lysate. Fluorescent vesicles harboring Mel-Hb-EGF-eYFP were 
bleached completely after 500 iterations with 100% laser intensity. 
According to our expectations, no fluorescence recovery was 
observed after 50 s of incubation which shows that the fluorescent 
target protein was not delivered passively by diffusion from the 
cytosolic surrounding (Figure 5 c). As a control, samples of eYFP 
were treated likewise. As expected, the laser exposure did not 
result in a detectable photobleachmg effect of the cytosolic protein 
eYFP (Figure S6). 

Synthesis and functional analysis of Mel-vtPA 

Disulfide bond formation is an important posttranslational 
modification in proteins, exhibiting a major influence on protein 
stability, folding and functionality [47,48,49,50]. In order to 
monitor disulfide bond formation in ceU-free synthesized proteins, 
we have chosen Mel-vtPA as a model protein, which consists of 
two structural domains and contains nine intramolecularly formed 
disulfide bonds. In the case of vtPA, formation of protein domains 
that are stabilized by disulfide bonds and biological activity are 
tightly connected [51]. In order to optimize the insect ceU-free 
translation system for the expression of functional disulfide-bonded 
proteins, we have evaluated different insect lysate batches and 
different translation buffers. 
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Figure 5. Confocal images of ceil-free syntKiesized IVlel-Hb-EGF-eYFP. Mel-Hb-EGF-eYFP was synthesized in batch mode for 2 h and CECF 
mode for 24 h in presence of caspase inhibitor. A) Direct comparison of batch and CECF reactions using identical laser and detector settings. The red- 
framed picture at the far right is showing the magnification of an inset from the centered picture. The arrow indicates a vesicular membrane 
harboring cell-free synthesized IVlel-Hb-EGF-eYFP. B) Fluorescent Mel-Hb-EGF-eYFP was analyzed in the translation mixture, the supernatant and the 
vesicular fraction. Strong emission intensity of de novo synthesized target proteins was observed in microsomal structures in the translation mixture 
and the vesicular fraction. NTC = No template control; translation reaction without DNA template. C) Photobleaching of IVlel-Hb-EGF-eYFP present in 
the translation mixture. No fluorescence recovery of Mel-Hb-EGF-eYFP was observed after 50 s of incubation indicating that fluorescent and 
membrane-embedded Mel-Hb-EGF-eYFP was not delivered by diffusion from the cytosolic surrounding. 
doi:1 0.1 371 /journal.pone.0096635.g005 



First, three translation buffers [(1) buffer containing DTT; (2) 
bufTer without DTT and (3) buffer without DTT, containing GSH 
and GSSG] were tested in combination with insect lysate 
supplemented with GSH and GSSG. Functional Mel-vtPA was 
expressed in all three mixes, but - in accordance to our 
expectations - the presence of the reducing agent DTT in the 
reaction mixture negatively affected the functionality of the target 
protein (Figure S7). Next, we examined the influence of differently 
prepared insect lysate batches in combination with a DTT- 
deficient translation buffer on the functionality of cell-free 
synthesized Mel-vtPA. Cell-free reactions were performed in 
batch and CECF mode in presence of caspase inhibitor and '^C- 
leucine using three differendy composed reaction mixtures: (i) 
lysate without GSH and GSSG; (ii) lysate supplemented with GSH 
and GSSG and (iii) buffer and lysate supplemented with GSH and 
GSSG. Regarding total protein yields, no significant differences 
were observed between the three translation mixtures using the 
batch mode (Figure 6 a). In contrast, for CECF reactions protein 
quantification data revealed distinct differences between the three 
translation mixtures. Using the CECF system, highest protein 
yields were determined for Mel-vtPA using the translation buffer 
without GSH and GSSG in combination with insect lysate 
supplemented with GSH and GSSG (maximum yield = 18 |ig/ 
ml). Functional Mel-vtPA was produced in the batch and CECF 
system using the three differently composed translation mixtures 
(Figure 6 b, c). The activity of cell-free produced Mel-vtPA was 



comparable to a commercially available positive control (recom- 
binant fuU length tPA, Anaspec) which was tested in parallel, 
indicating that our optimized insect cell-free expression system 
efficiently produces complex, biologically active disulfide-bonded 
proteins (Figure 6 d). 

Discussion 

Since it is well-known that batch reactions have only short 
reaction life times and thus limited protein yields, we aimed to 
combine the well-established CECF format [33,35] with our 
eukaryotic insect lysate. Application of the insect CECF system 
resulted in significantly increased protein yields compared to batch 
reactions. In this study, the reaction compartment of the chosen 
CECF device and the analyzed batch reactions comprised the 
same volume (50 jxl), and thus both required the same volume of 
insect lysate. As the CECF system reaches higher protein yields, 
one can conclude that the same volume of lysate can be more 
efficiendy used in the insect CECF system compared to the batch 
system. 

On the other hand, insect CECF reactions depend on the 
preparation of a 1 ml feeding solution, and thus reagent costs are 
naturally increased compared to insect batch reactions. At the 
current state, increase in protein yield does not correlate with 
increase in costs. This is an issue that needs to be improved in the 
future. One possibility to increase the production yields in cell-free 
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Figure 6. Analysis of Mel-vtPA expression and activity. Cell-free reactions were performed for 48 h in batch and CECF mode in absence of 
DTT, but in presence of caspase inhibitor and ^^C-leucine using three differently composed reaction mixtures, (i) lysate without GSH and GSSG; (ii) 
lysate supplemented with GSH and GSSG and (iii) buffer and lysate supplemented with GSH and GSSG. A) Diagram showing total yields of "C-leucine 
labeled Mel-vtPA. B) Fibrin-agarose-plate showing lytic zones created by biologically active Mel-vtPA. All samples were diluted to 0.5 |jg/ml. Activity 
of Mel-vtPA is completely abolished after addition of 5 mM DTT. C) Activity of Mel-vtPA analyzed by fibrin-agarose-plate assay. D) Activity of the 
positive control (= purified full length tPA, 0.5 |ig/ml, Anaspec) analyzed by fibrin-agarose-plate assay. NTC = No template control; translation 
reaction without addition of a DNA template. Standard deviations were calculated from triplicate analysis (n = 3). 
doi:10.1371/journal.pone.0096635.g006 



systems might be the switch from cap-dependent to cap- 
independent translation initiation, since translation initiation is 
known to be the rate-limiting step in protein synthesis [52,53]. 
This strategy has been successfully employed for batch-based 
translation systems based on CHO and human cell extracts, by 
using advanced DNA templates bearing an internal ribosome 
entry site (IRES) in the 5 ' untranslated region of the target gene 
[18,19]. However, this pubhcation states the proof-of-concept that 
lysates which contain endogenous microsomal vesicles are 
absolutely compatible with classical dialysis systems, thus paving 
the way for establishing novel eukaryotic in vitro translation systems 
with improved properties. 

In this study, we additionally investigated the influence of the 
general caspase inhibitor Z-VAD-FMK on the protein synthesis 
performance using the insect cell-free translation system. In 
previous studies it has been shown that Z-VAD-FMK inhibits 
apoptosis eflicientiy in 5^9 cells, S/2 1 cells and Drosophila melanogaster 
S2 cells [45,46] . Here, we demonstrate the positive effect of Z- 
VAD-FMK on protein synthesis efficiency using a eukaryotic in 



vitro translation system based on Sfl\ cells. The addition of Z- 
VAD-FMK to cell-free reactions led to significantly prolonged 
reaction life times and increased overall protein yields. In addition 
to Z-VAD-FMK, we have also tested other inhibitor types, among 
them inhibitors with varying peptides (e.g. Asp-Glu-Val-Asp, 
DEVD) and chemical groups (chloromethylketone as well as 
aldehyde groups). Likewise, we noticed the positive effect of these 
inhibitors on the overall protein yield (data not shown). 

Caspases (cysteine proteases with aspartate-specificity) are key 
regulators of apoptosis, also termed as programmed cell death. On 
the basis of our results we assume that caspases may be activated 
during the cell lysate preparation procedure and/or during the 
translation reaction itself, in particular after prolonged incubation 
times. This activation may then lead to the degradation of 
endogenous lysate proteins, such as translation factors, and also de 
novo synthesized target proteins. From previous studies it is known 
that caspases are involved in the cleavage of translation initiation 
factors, such as eIF4G [54,55,56], eIF4B, eIF4E-binding protein 
(eIF4E-BPl) [57], eIF2a [58], and eIF3j [57], a process which 
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results in the inhibition of protein synthesis. In this context, it was 
reported that the cleavage of translation initiation factor eIF2a was 
completely inhibited in HeLa cells pretreated with caspase 
inhibitor Z-VAD-FMK [39]. Taking these obser\'ations into 
account, the positive effect of Z-VAD-FMK on total protein 
yields using the insect CECF system could be potentially explained 
by the preservation of translation initiation factors over prolonged 
incubation times, which, as a result, may cause a gain in 
translation efficiency. 

The insect cell-free system used in this study enables the 
synthesis of correctiy folded and biologically active proteins with 
multiple disulfide bonds. In contrast to other systems, it does not 
require a chemical pretreatment of the cell extract or the addition 
of exogenous proteins in order to yield soluble and functional 
disulfide-bonded proteins [11,60,61,62]. As demonstrated in 
previous studies, for the expression of functional scFv antibody 
and Fab fragments [30,.31], solely the adjustment of redox 
conditions is sufficient to stabilize the redox potential. The positive 
effect of glutathione has been shown before for a GroEL-GroES- 
enriched E. coft-based cell-free translation system, where functional 
Candida antardica lipase B, a protein requiring three disulfide bonds 
to be active, has been produced by adding the appropriate amount 
of oxidiz(-d glutathione [63]. 

tPA, one of the model proteins used in this study, is of important 
clinical relevance, since it is involved in the thrombolysis of blood 
clots, tissue remodeling and cell migration [.51]. Production of tPA 
is challenging and cost-intensive [64]. So far, tPA has been 
recombinantly expressed in vivo [65,66,67] as well as in vitro using 
cell extracts from rabbit reticulocytes [39] and E. coli cells [38,68]. 
However, expression of tPA in vivo requires comphcated purifica- 
tion processes and in the case of expression in E. coli, normally in 
vita refolding is required [68] as well as elaborate downstream 
purification processes in order to remove endotoxins [69]. tPA 
which has been produced in eukaryotic cell lysates is naturally free 
of endotoxins, thus subsequent downstream purification processes 
are considered to be less difficult compared to purification of 
products from E. coli cell extracts (Chen, 2009). Here, we 
demonstrate the synthesis of active Mel-vtPA in a eukaryotic 
cell-free translation system at reasonable yields (~20 |J,g/ml) for 
functional studies in only one to two days at costs that the average 
research lab can afford. Even without purification, proteins 
synthesized in the insect CECF system could potentially be 
applied directly in cell-based assays. Of course, if the product is 
destined to become a mammalian injectable purification is 
preferred, since endogenous proteins contained in the insect lysate 
probably cause immune reactions, which may not be acceptable 
from the regulatory point of view [70]. On the other hand, for the 
production of vaccines this effect was shown to stimulate 
autoantibody production against metastatic melanomas in mice, 
thus facilitating an "adjuvant effect" of insect cells [71]. 

CECF-based cell-free translation systems using E. coli lysates 
and wheat germ extracts are well-established and commercially 
avaUable (e.g. RTS 500 ProteoMaster E. coli HY Kit and RTS 500 
Wheat Germ CECF Kit, 5PRIME). These systems are highly 
productive and enable the synthesis of selected target proteins in 
amounts sufficient for further functional and structural studies, e.g. 
by NMR spectroscopy and X-ray crystallography [72,73]. 
Nevertheless, the insect CECF system represents a promising 
alternative to already estabhshed systems, since it enables the 
incorporation of eukaryotic co-and posttranslational modifications 
into cell-free synthesized proteins [13,14]. Due to this ability, time 
course experiments could provide interesting insights in the 
posttranslational modification, e.g. glycosylation pattern, oi de novo 
synthesized target proteins over prolonged incubation times. 



Moreover, the endogenous vesicles of the eukaryotic lysate are 
an important prerequisite for the embedding of membrane 
proteins into a natural lipid bilayer, circumventing the potential 
toxicity of membrane proteins when overexpressed in living cells. 
The expression of complex and high-molecular mass membrane 
proteins, in particular facilitated by the eukaryotic CECF system 
presented in this study, constitutes a basis for the production of 
sufficient amounts of correctly folded and functional membrane 
protein samples for further characterization by structural and 
functional studies. 

Supporting Information 

Figure SI Influence of caspase inhibitor on the stability 
of de novo synthesized membrane proteins. Cell-free 

synthesis of the epidermal growth factor receptor (fused to a 
melittin signal peptide at the N-Terminus and eYFP at the C- 
Terminus, 163 kDa) was performed using the coupled insect cell- 
free system in batch mode in presence of '*C-leucine and in 
presence and absence of caspase inhibitor Z-VAD-FMK. 
Reactions were stopped at the indicated incubation times. In 
addition, one reaction was performed in presence of a commer- 
cially available protease inhibitor mix ("Complete protease 
inhibitor cocktail EDTA-free", Roche). Synthesized proteins were 
subsequentiy analyzed by SDS-PAGE and autoradiography. 
(TIF) 

Figure S2 Time course of batch-based (A) and CECF- 
based (B) expression of eYFP. eYFP was synthesized using an 

in vitro translation system based on insect lysates in the presence of 
'^C-leucine. Quantification of de novo synthesized eYFP was 
performed by liquid scintillation counting. Protein yields of eYFP 
are shown in percent with the concentration of the target protein 
determined after 2 h of incubation set as 100% (batch, -I- V, - CI). 
Standard deviations were calculated from triplicate analysis (n = 3). 
(TIF) 

Figure S3 Time course of '*C-leucine labeled eYFP 
(supernatant fraction) synthesized in batch and CECF 
mode. Cell-free reactions using insect lysate were carried out in 
the presence (+) and absence (— ) of insect vesicles (V) and caspase 
inhibitor (CI). Synthesized proteins were analyzed by SDS-PAGE 
and autoradiography. Cell-free synthesized eYFP shows a 
migration pattern corresponding to its expected molecular mass 
(calculated molecular mass = 29 kDa). 
(TIF) 

Figure S4 Comparative expression of representative 
model proteins in E. coli and insect cell-free systems. 

Cell-free synthesis of model proteins was performed using the 
batch-based E. coli cell-free system (EasyXpress Protein Synthesis 
Kit, Qiagen) and the vesicle-containing insect cell-free system in 
presence of "C-l( nu in(\ Synth(^sized proteins were analyzed by 
SDS-PAGE and autoradiography. Aliquots of the glycoproteins 
Mel-EPO and Mel-vtPA were subjected to digestion with (+) 
PNGase F. Black arrows indicate the shift in protein size between 
glycosylated proteins and proteins after degylcosylation with 
PNGase F. Only in case of Mel-EPO and Mel-vtPA synthesized 
in the insect cell-free system, digestion with PNGase F led to a 
visible reduction of the protein's molecular mass, indicating the 
successful glycosylation of these proteins. Asterisks are marking the 
proteins were expression in E. coli lysate failed. NTC = No 
template control; translation reaction without addition of a DNA 
template. 
(TIF) 
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Figure S5 Glycosylation analysis of cell-free expressed 

Mel-EPO. Cell-free reactions were carried out in the presence of 
caspase inhibitor, '*C-leucine and DTT using the insect batch and 

CECF system (48 h). The autoradiograph shows Mel-EPO in its 
glycosylated and non-glycosylated form. In addition, a deglycosy- 
lation assay was performed using PNGase F. 
(TIF) 

Figure S6 FRAP analysis of the type-I transmembrane 
protein Mel-Hb-EGF-eYFP and the fluorescent and 
soluble protein eYFP. Both proteins were synthesized in 
standard batch reactions. For confocal microscopy, translation 
mixtures were excited at 488 nm while fluorescence emission was 
recorded with a longpass filter in the wavelength range above 
505 nm (LSM 510 Meta, Zeiss). Strong emission intensity of de 
novo synthesized Mel-Hb-EGF-eYFP was observed in microsomal 
structure's. In contrast to this observation, fluorescence of eYFP 
was observed in the cytosohc fraction of the lysate surrounding the 
vesicles. Samples were analyzed before and after photobleaching. 
Fluorescent \esi(:les of Mel-Hb-EGF-eYFP were bleached com- 
pletely after 500 iterations with lOO'l'o laser intensity (argon laser, 
488 nm). As c'xpected, no fluor(;scenix" recovciy was observed after 
50 s of incubation, indicating that membrane-embedded Mel-Hb- 
EGF-eYFP was not delivered by difilision from the cytosoUc 
surrounding. In contrast, laser exposure of the cytosoUc protein 
eYFP did not result in a detectable photobleaching efiect. 
(TIF) 

Figure S7 Analysis of Mel-vtPA expression and activity. 

Synthesis of Mel-vtPA was performed in batch mode for 2 h using 
three diflerent reaction buffers [(1) buffer with DTT; (2) buffer 
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without DTT; (3) buffer without DTT, but supplemented with 
GSH and GSSG] in combination with insect lysate without DTT, 
but supplemented with GSH and GSSG. Activity of Mel-vtPA was 

analyzed using the fibrin-agarose-plate assay. All samples were 
diluted to 0.5 |J,g/ml. NTC = No template control; translation 
reaction without addition of a DNA template. Positive control = 
Purified fuU length tPA (Anaspec) (0.5 |tg/ ml). Standard deviations 
were calculated from triplicate analysis (n = 3). 
(TIF) 

Table SI List of cell-free expressed model proteins. 
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